INTRODUCTION
============

The leishmaniases, a group of diseases caused by infection with various species of the protozoan parasite genus *Leishmania*, are endemic in 88 countries. Together, \~350 million people are at risk of infection with these parasites with the leishmaniases having an overall prevalence of 12 million cases worldwide and accounting for about 60,000 deaths annually ([@B44]). Expansion of disease and the sharp rise in prevalence has been linked to migration of non-immune people into endemic areas as well as environmental changes resulting in the expansion of the insect vector habitats ([@B212]). The latter, in particular, has the potential to widen the geographic reach of the vector and introduce leishmania transmission into previously unaffected areas. Although an estimated 2 million new cases occur annually -- 1.5 million cases of cutaneous leishmaniasis (CL) and 500,000 of visceral leishmaniasis (VL) -- leishmaniases still represent a neglected tropical disease and have not been considered as attractive vaccine targets by industry. Despite efforts that now span more than a century, a licensed vaccine for use in humans is not yet available.

FIRST-GENERATION VACCINES FOR LEISHMANIASES
===========================================

The earliest records of vaccination against leishmaniasis date back several hundred years, when leishmanization was practiced in the Middle East. Bedouin tribal societies traditionally exposed their children to sandfly bites in order to protect them from facial lesions. In some cases pus from active lesions was also inoculated by excoriation of the recipient's arm or thigh ([@B60]). This technique was refined in the early 1900s when culture conditions were established for leishmania promastigotes, which were then used to both prevent and treat active disease ([@B164]; [@B208]; [@B60]). These studies formed the basis for large-scale vaccination trials that were carried out in the Soviet Union, Israel, and Iran ([@B60]; [@B141]). The success in these trials depended critically on the viability and infectivity of the injected organisms. Organisms which had lost virulence were shown to induce delayed-type hypersensitivity but did not protect from subsequent natural infection. Additionally use of live vaccines had many problems, including the development of large uncontrolled skin lesions, exacerbation of psoriasis, and other skin diseases, which paved the way to trials using killed parasites but conflicting results made this approach unpopular ([@B64]). However, this strategy regained popularity in the late 1970s after the route of immunization was found to be crucial for its efficacy ([@B117]; [@B60]; [@B64]). Convit and colleagues used a combination of killed *L. mexicana* or *L. braziliensis* promastigotes and *Mycobacterium bovis* Bacille Calmette-Guérin (BCG) therapeutically against leishmaniasis in South America. Vaccination of clinically defined patients appeared to induce a high cure rate even in severe cases and was accompanied by the development of T helper type 1 (Th1) immune responses in the recipients ([@B26]; [@B23]). Prophylactic vaccinations with killed parasites formulated with or without BCG, however, have been less successful ([@B7]; [@B173]; [@B134]).

Although two of the most successful vaccines used to date (against small pox and polio, respectively) are live pathogens, that strategy does not appear feasible for leishmaniasis. Results from several clinical trials using whole *Leishmania* (involving either live or killed parasites) vary from 0 to 75% efficacy against CL ([@B34]; [@B193]). Several investigators are investigating the potential of live-attenuated vaccines for CL. Some genetically or chemically attenuated parasites appear to persist indefinitely without pathology and confer long lasting protection in mice ([@B194]; [@B148]; [@B200]; [@B43]; [@B39]; [@B18]). Although not yet evaluated in clinical trials, it is conceivable that these could offer lasting protection in humans. Given their complex and heterogeneous nature, however, it is unclear how they will overcome current vaccine regulations and release criteria. Studies using these crude vaccine approaches, though not ideal, have however proved that it is possible to induce protection and suggest that this is also achievable with parasite components. Several investigators have addressed this issue using the experimental murine model of CL. The simplicity and pliable nature of this model (differential outcomes dependent upon mouse strain and infective dose) has permitted researchers to address basic questions of immunity and have provided significant insight regarding the development of cellular immune responses.

INSIGHT INTO CELLULAR IMMUNITY: THE CL MOUSE MODEL
==================================================

Experimental murine infection with *L. major* has facilitated our understanding of the Th1/Th2 paradigm, the development of helper T cells during an infection and factors that regulate their maintenance ([@B111]; [@B168]; [@B160]). Additionally, this model has revealed genetic mechanisms of protection conferred by Th1 cells in resistant strains and susceptibility induced by Th2 cells in the BALB/c model ([@B160]; [@B166]; [@B150]; [@B78]). Most inbred mouse strains (e.g., C57BL/6, CBA/J, and C3H) are considered resistant to infection with *L. major*. Upon intradermal/sub-cutaneous injection of *L. major*, these strains develop as mall lesion that subsides within 6--8 weeks ([@B170]). Healing in resistant mice infected with *L. major* is associated with the development of Th1 cells that produce IFN-γ, which is necessary for activation of macrophages and the production of nitric oxide (NO), the key effector molecule for destroying intracellular amastigotes ([@B105],[@B106]; [@B185]). These mice are also protected against additional *L. major* challenges. In contrast, BALB/c mice are highly susceptible to *L. major* infection; parasite burdens can become extremely high, with lesions progressing until ulceration. Deconstructing the failure of BALB/c mice to protect against infection helped to identify the crucial roles of IL-4 and IL-13 in the promotion and expansion of Th2 cells. Both the initial development and maintenance of Th1 cells in infected mice is dependent on the presence of IL-12 produced by dendritic cells. Treatment of BALB/c mice with recombinant IL-12 helps to protect against infection while, conversely, treatment of resistant strains with anti-IL-12 promotes the development of a Th2 response and susceptibility ([@B67], [@B66]; [@B75], [@B74]; [@B50]; [@B150]; [@B88]). Another key cytokine that has been shown to regulate disease outcome is IL-10. Disruption of the IL-10 gene confers resistance while over-expression of this gene in resistant strains renders them susceptible. IL-10 appears to mediate its effect by blocking the activating effects of IFN-γ. In addition to deactivating macrophages and inhibiting intracellular parasite killing, IL-10 can also directly inhibit Th1 cell development and their production of IFN-γ ([@B85]). Furthermore, IL-10 production by natural CD4^+^CD25^+^ regulatory T cells plays an important role in disease pathology ([@B14]; [@B125]).

Importantly, given its flexibility and broad understanding, the CL mouse model has helped construct a syllogism that supports a platform for adjuvant discovery/selection. By virtue of its simplicity, it has also facilitated the study the mechanism of action of these adjuvants *in vivo* ([@B126]; [@B41], [@B40]). Among the adjuvants investigated using this model are the TLR4 agonist-monophosphoryl lipid A (MPL^®^), the TLR7/8 agonist -- imiquimod, the TLR9 agonist -- CpG, and the immunostimulatory complexes (ISCOM; **Figure [1](#F1){ref-type="fig"}**). There is some irony that very few of these adjuvants have actually been evaluated against human CL, although this lack of progression is at least partially attributable to the fact that human CL is a much more complex disease than the experimental model. These adjuvants have, however, helped scientists understand the need for certain types of immune responses at specific stages of disease, which in turn, could aid in designing an effective vaccine for human CL. This review focuses on adjuvants that have been tested in experimental CL, their effects when applied in human CL, and how they have helped advance our understanding of the disease.

![**Toll-like receptor agonists as adjuvants.** All pathogens including bacteria, viruses, and protozoans induce activation of antigen presenting cells (APC) resulting in the production of IL-12. Adjuvant biology relies on this same approach by using TLR agonists that have been derived from these organisms to induce IL-12 production. The induction of IL-12 helps generate a strong Th1 response and inhibit Th2 responses, a key component in battling intra-cellular infections such as *Leishmania*.](fimmu-03-00144-g001){#F1}

ADJUVANT BIOLOGY AND THE ADVANCEMENT TOWARD SECOND GENERATION VACCINES
======================================================================

Innate immunity forms the host's first line of defense against microbial invasion. Targeting innate immune receptors with adjuvants is a logical strategy, particularly for infections of innate cells such as leishmaniasis. Studies of adjuvants began more than a hundred years ago with the discovery that an acute bacterial infection could induce regression in a concurrent malignant tumor ([@B195]; [@B17]). Surprisingly however, the "immunologist's dirty little secret" (or rather the killed *M. tuberculosis*) present in Freund's adjuvant was almost taken for granted until 1989 when Charles Janeway Jr. declared that "the innate immune response (it induced) was prerequisite for an adaptive immune response" ([@B80]). Janeway's prediction was eventually proven by a number of labs using classical genetic methods, most clearly when TLR4 was identified as the receptor for lipopolysaccharide (LPS), and TLR9 was shown to recognize bacterial DNA ([@B155]; [@B69]; [@B47]). The identification of pathogen associated molecular patterns (PAMPs; a group of lipid, carbohydrate, peptide, and nucleic-acid structures, broadly expressed by different microorganisms) and their associated pathogen-recognition receptors (PRRs), has revolutionized vaccine research ([@B80]; [@B196]; [@B17]; [@B81]; [@B123]; [@B151]; [@B122]; [@B159]). Directed stimulation of PRR, which include the Toll-like receptors (TLRs), C-type lectin-like receptors (CLRs), cytosolic nucleotide oligomerization domain-like receptors, and retinoic acid inducible gene based (RIG)-I-like receptors (RLRs), can trigger different types of immune responses ([@B81]; [@B123]; [@B120]; [@B25]; [@B87]; [@B144]). Interaction between PRRs and their cognate PAMPs initiates a complex cascade of intracellular signaling pathways leading to the production of cytokines, chemokines, and type I IFNs that mediate the induction of inflammatory and antimicrobial responses. This process activates an adaptive immune response tailor-made to the invading microbe. These PAMPs, specifically those binding the TLRs, are the basis of many adjuvants. In addition, cytokines, bacterial toxins, and glycolipids released during or after PRR engagement are also being used as adjuvants to elicit immune responses ([@B151]; [@B159]; [@B47]). Advances in molecular and cellular biology are rapidly revealing the nature of innate immunity and adjuvant activity. The discovery of the ability of adjuvants to enhance disease-specific immune responses using recombinant antigens has led many researchers to re-focus their vaccine development programs ([@B159]). Effective adjuvants and adjuvant formulations can utilize multiple compounds and mechanisms to achieve the desired immunological enhancement ([@B167]; [@B151]; [@B159]). These mechanisms can enhance antigen presentation, leading to induction of effective humoral (B cell) and cellular (CD4 and/or CD8 T cell) responses.

Despite the dramatic advances in our understanding of defined PRR, the majority of the vaccines that have been licensed and made available for clinical use remain live, attenuated, or killed vaccines ([@B211]; [@B192]; [@B213]; [@B142]; [@B27]; [@B199]). An ideal vaccine against leishmaniasis must be safe, effective, and given its recognition as a neglected disease, affordable. As addressed earlier, it appears that a live or killed parasite vaccine will not be feasible for leishmaniasis. An inherent and major advantage of vaccines based on attenuated pathogens and inactivated viruses or bacteria is that they are sufficiently immunogenic without additional adjuvants, likely through the undefined inclusion of intrinsic PAMPs. Such activity has been revealed for the highly effective Yellow Fever vaccine ([@B157]). By contrast, protein-based vaccines, although offering considerable advantages over traditional vaccines in terms of safety and cost of production, are often less immunogenic.

Over the past few decades, many researchers have searched for genes encoding leishmanial proteins that are linked to the protective response and can induce protection against CL in experimental models ([@B65]; [@B136]; [@B179],[@B180], [@B178], [@B181]; [@B207], [@B206]; [@B156]; [@B24]; [@B35]). Identifying candidate antigens alone, however, is not sufficient as they need to be characterized to ensure quality and stability. More importantly, candidate antigens need to be delivered with appropriate adjuvants to elicit an appropriate immune response ([@B34]; [@B159]). A significant research effort has focused on adjuvants in CL (**Table [1](#T1){ref-type="table"}**). This review outlines the efforts of several labs, including our own, regarding the use of adjuvants both in CL animal models and their impact on efficacy in the clinic.

###### 

List of adjuvants that have been used in experimental and/or clinical CL.

  Adjuvant                      Antigen           Murine CL   Human
  ----------------------------- ----------------- ----------- ------------
  Alum +/- BCG                  ALM               ++          Phase I/II
  Alum +/- CpG                  SLA               ++          ND
  **Based onTLR4 agonists**                                   
  MPL-SE                        GP63              -/-         ND
                                L111f, L110f      ++          Phase I/II
                                SMT, KSAC         ++          ND
  GLA-SE                        L110f, NS, KSAC   ++          Phase I
  **Based onTLR7/8 agonists**                                 
  Imiquimod (Aldara)            N/A               ++          Phase II
  R848                          ALM               ++          ND
                                ALM               ++          ND
  **Based onTLR9 agonists**                                   
  CpG                           Live parasite     ++          ND
                                SLA               ++          ND
                                ALM               ++          ND
                                H2B               ++          ND
                                LRP               ++          ND
                                rLiP0             +-          ND
                                LACK              ++          ND
                                LmSTI1            ++          ND
                                L111f             ++          ND

ND, not done; ++, protection; +/-, incomplete protection

.

ALUMINUM SALTS (ALUM) AS ADJUVANT
=================================

Introduced in the 1920s, alum became the first adjuvant to be approved by the U.S. Food and Drug Administration for use in humans ([@B209]; [@B115]; [@B159]). Although the initial and long-held theory was that alum facilitated an immune response by providing a depot, more recent studies have challenged this theory and suggest otherwise ([@B209]; [@B61]). Studies by [@B20] indicated that alum boosted humoral immunity by providing Th2 cell help to follicular B cells. Additional properties of alum were revealed recently by the demonstration that it can induce the production of monocyte and granulocyte chemoattractants and enhance monocyte differentiation into dendritic cells ([@B94]; [@B172]). It is now apparent that alum can act through both NLRP3-dependent and -independent pathways to induce type 2 inflammatory responses, characterized by the accumulation of eosinophils at the site of injection and the enhanced production of antigen-specific IgE and IgG1 ([@B102], [@B103]; [@B49]; [@B159]; [@B99]; [@B114]). A number of vaccines, including whole parasite vaccines and recombinant vaccines such as those for Hepatitis B and human papilloma virus, have been developed using alum with the intent of eliciting protective antibody responses ([@B213]). A major advantage of alum is its ability to enhance humoral immunity with minimal side-effects. Additional benefits include, stabilization of the associated antigens with alum (because formulation is achieved through adsorption of antigens onto highly charged aluminum particles) and the relative simplicity to produce on a large scale. To date, the alum adjuvant delivery system has been used in over 80% of vaccines administered worldwide. The inability of alum to elicit cell-mediated Th1 or CTL responses required for the control of most intracellular pathogens (such as *Leishmania*) is a major limitation. Alum has, however, been used as a carrier/vehicle for a number of new age adjuvants including IL-12, GM-CSF, CpG, and MPL ([@B89]; [@B184]; [@B197]; [@B98]; [@B55]). Most importantly, the recent approval of MPL-Alum^®^ for two different vaccines, Fendrix and Cervarix, has set precedence for the use of TLR4 agonists within human vaccines ([@B98]; [@B47]; [@B55]).

In relation to leishmaniasis, alum has been used in combination with BCG or IL-12 and autoclaved *L. major* (ALM) to protect against experimental murine CL ([@B89]; [@B183]). The first clinical study in leishmaniasis that used alum in conjunction with ALM and BCG was conducted for the treatment of VL. Data indicated that the approach was not only safe but could induce strong delayed type hypersensitivity (DTH) reactions in study volunteers ([@B84]). More recently, alum-precipitated ALM and BCG was used as part of an immunochemotherapeutic approach to treat post-kala-azar dermal leishmaniasis (PKDL) in Sudan ([@B140]). This randomized and double-blind study aimed to assess safety, immunogenicity, and curative potential of this regimen in patients with persistent PKDL. Patients were treated with sodium stibogluconate (SSG) + alum-precipitated ALM and BCG. SSG + alum/ALM + BCG was found to be safe and immunogenic, and demonstrated significant healing potential in persistent PKDL lesions.

The applicability of alum-based formulations for leishmania vaccines is neither supported by current knowledge regarding alum's mechanism of action nor by clinical or experimental experience.

INTERLEUKIN-12
==============

Interleukin-12, originally called natural killer cell stimulatory factor, was identified by Trinchieri and colleagues, who discovered that it can stimulate the production of IFN-γ from T cells and natural killer cells ([@B93]; [@B29]; [@B113]). Further studies demonstrated the ability of several pathogens to induce a Th1 response correlated with their capacity to stimulate the production of IL-12 ([@B76]; [@B169]). The critical involvement of IL-12 in promoting Th1 responses *in vivo* was demonstrated using the mouse model of CL ([@B188]). The use of IL-12 as an adjuvant was subsequently examined in various models including the murine CL model ([@B188]; [@B171]; [@B215]; [@B128]). Effective vaccination against *L. major* in susceptible mouse strains was achieved using recombinant IL-12 with soluble leishmanial antigen (SLA) and with a recombinant LACK protein ([@B4]; [@B136]). Several studies have demonstrated the short-lived nature of protection in mice following immunization with recombinant LACK plus IL-12 protein. Protection waned 2 weeks after immunization, whereas protection was sustained up to 12 weeks later when the IL-12 and LACK genes were delivered within a DNA construct ([@B63], [@B62]; [@B186]; [@B124]). These studies suggested that the continued presence of IL-12 as a requirement for long-lived vaccine-induced immunity.

The safety, immunogenicity, and efficacy of a vaccine combining heat-killed *L. amazonensis* with recombinant human (rh) IL-12 and alum (aluminum hydroxide gel) as adjuvant, has been assessed in rhesus macaques. When lesion development was followed after intradermal challenge, an IL-12 dose response was evident and protective immunity was demonstrated in all monkeys (12 total) that received 2 μg rhIL-12 at all Ag/alum doses ([@B89]). When vervet monkeys were immunized with ALM with or without rhIL-12, despite the generation of substantial *Leishmania*-specific immune responses, no protection was observed against subsequent challenge with *L. major* parasites ([@B58]). The transition to use of rhIL-12 in humans has proven difficult, however, as parenteral administration over several days was found to be highly toxic ([@B31]; [@B215]).

TLR4 AGONISTS -- LIPID A AND DERIVATIVES
========================================

Lipopolysaccharide, a complex amphipathic molecule that covers the outer surface of *Escherichia coli* and other Gram-negative bacteria such as *M. tuberculosis* was the first microbial product discovered to be a TLR agonist. Although lipid A had been defined as the hydrophobic moiety of LPS for over 50 years, the elucidation of lipid A biosynthesis was not achieved until the early 1980s. The ability of the "free" lipid A molecule to induce tumor regression, endotoxic shock, interferon production, and macrophage activation generated much pathophysiological interest ([@B190]). Determination of the lipid A structure was followed by attempts to chemically modify lipid A, generally with the intent of uncoupling its toxic effects from its potentially useful immunomodulatory properties. This resulted in the identification of an acylated diglucosamine derivative of lipid A from *Salmonella minnesota RC595*, which was then further refined to derive MPL^®^ with reduced pyrogenicity ([@B152]).

Even though the existence of LPS receptors had been identified in the 1970s to be dependent on the integrity of a single locus known as *Lps*, the locus was not defined until 1998, when it was demonstrated through positional cloning to be identical to the TLR4 (*Tlr4*) locus6 ([@B182]; [@B155]). TLR4's ability to utilize both the MyD88 and TRIF signaling pathways has been critical to the success of lipid A as an adjuvant. While it is not clear if a single TLR4 molecule can signal through one or both pathways at the same time, it has been suggested that MyD88/MAL is required for the rapid activation of TLR4 signaling and for the production of TNF, while TRAM stimulates a more sustained induction of NF-κB through the MyD88-independent pathway. Studies with MyD88 KO and TRIF KO mice have indicated that signaling through MyD88/MAL is essential for IL-12 production, and the resulting IFN-γ, while signaling through the TRIF/TRAM pathway appears to be crucial for IL-6 production. Further research defining the roles of these two signaling pathways in TLR4 activation is required ([@B143]).

The efficacy of MPL^®^ was first tested in a syngeneic guinea pig cancer model, where it synergistically enhanced the ability of mycobacterial cell wall skeleton (CWS) to regress transplantable, line-10 tumor (hepatocellular carcinoma; [@B162]). Later studies demonstrated that MPL can also enhance immune responses to both killed virus and purified proteins ([@B116]). Based upon those studies adjuvanting a mixture of well-defined recombinant antigens together with MPL was a logical progression for a vaccine against leishmaniasis.

Monophosphoryl lipid A was first evaluated against leishmania by comparison against alternative adjuvants in a prophylactic study in the murine model of CL with *L. mexicana* with a subunit vaccine ([@B3]). The ability of MPL to adjuvant antigen-specific protection against experimental CL was contrasted against a panel of five other adjuvants (IL-12, QS-21, *M. bovis* BCG, *Corynebacterium parvum -- now known as Propionibacterium acnes*, and Detox). By its ability to protect against CL infection, Detox, an adjuvant formulation made up of MPL and mycobacterial CWS, was shown to be almost equal in efficacy to IL-12. MPL alone induced similar results, albeit with a slightly lower efficacy than either Detox or IL-12. In later studies conducted at IDRI, MPL was formulated in an oil-in-water formulation (MPL-SE) which helped improve its efficacy ([@B34]). Several studies have demonstrated that the inclusion of MPL-SE induces a strong type 1 profile, with high levels of IFN-γ and comparatively low levels of type 2 cytokines such as IL-4 and IL-10. Serum immunoglobulin also becomes skewed toward a higher IgG2a/IgG1 ratio when MPL is present in the vaccine formulation ([@B34]). Further, use of MPL within prophylactic vaccines can induce multi-functional, memory T cells, an established correlate of protection in the murine CL model ([@B41]; [@B16]). Moreover, this adjuvant has shown equivalent efficacy in both murine CL and VL models ([@B33]; [@B59]).

Of the TLR agonists identified, MPL is the most advanced and is currently the only licensed adjuvant commercially available today. MPL adjuvant has proven to be a potent yet apparently non-toxic vaccine adjuvant when administered with heterologous antigens. MPL has been used extensively as an adjuvant in clinical trials for several infectious disease and cancer indications, and to date, over 100,000 doses of MPL have been administered to human subjects. The safety profile is similar to that of alum. The adjuvant system AS04 (GlaxoSmithKline Biologicals), a combination of aluminum salts and MPL has been approved in both Europe and the United States. Licensed AS04 containing vaccines, Fendrix and Cervarix confer protective immunity against hepatitis B virus or human papilloma virus, respectively. Approval of Cervarix in 2009 made MPL the first defined adjuvant to be licensed for use in vaccines in the United States. AS04 has now been shown to induce a transient, localized innate immune response and activation of DCs, leading to activation of antigen-specific T cells and enhanced adaptive immunity ([@B45]). As predicted by its ability to induce IL-12, despite the presence of alum, inclusion of MPL in AS04 biases the immune response to a strong Th1 type phenotype.

IDRI has also used MPL to spearhead several clinical trials directed against leishmaniasis. Our first trial investigated a mixture of antigens for the ability to treat drug-refractory patients suffering from mucosal leishmaniasis (ML; [@B8]). The trial was successful with five/six patients showing complete clinical remission at the 9-month follow-up and all six becoming asymptomatic at the 5-year follow-up examination. The antigens had been adjuvanted with GM-CSF at that time but adjuvant was subsequently switched to MPL-SE based practical issues and on results from our pre-clinical studies ([@B34]). The antigens are now expressed as a single entity within Leish F1 chimeric fusion protein, rendering the antigen configuration more accessible to cost-effective, large-scale production. This vaccine was tested in both healthy Columbian and Indian volunteers with either no history of leishmaniasis or sub-clinical infection with *L. braziliensis*/*L. panamensis* (detection based on the Montenegro skin test). An increase in anti-Leish F1 IgG response was observed in all, and an antigen-specific IFN-γ response was observed in the majority of recipients ([@B201]; [@B28]; [@B46]). Based on these results we concluded that the vaccine was safe and well-tolerated in subjects with and without evidence of prior infection. Additionally, we have evaluated the LEISH-F1 + MPL-SE vaccine as an adjunct immunotherapy with standard chemotherapy in both CL and ML. The vaccine was found to be safe and immunogenic in both CL and ML patients and appeared to shorten their time to cure when used in combination with meglumine antimoniate chemotherapy. Further treatment of ML patients with vaccine helped induce a memory T cell subset, associated with clinical cure ([@B110]). These studies have proven that the vaccine is safe for use in both healthy and infected patients, and is able to induce a memory response that could help protect against future infections.

We have further optimized the adjuvant MPL by developing a synthetic lipid A derivative that eases manufacture and provides a more homogenous final product. Like MPL, formulations of glucopyranosyl lipid adjuvant (GLA) also signals through TLR4 ([@B32]). When formulated with SE, an oil-in-water emulsion, and mixed with antigen, the resulting Ag + GLA-SE mixture induces potent Th1 immune response in mice. Studies show that GLA-SE and MPL-SE adjuvanted responses to be dose-dependent, skewing toward a Th1-like response in mice that receive either of these TLR4 agonists. We have also established that GLA-SE is a more potent adjuvant compared to MPL-SE in terms of stimulating antigen-presenting cell activation and inducing greater IFN-γ secretion by antigen-specific T cells. Low doses of GLA-SE are capable of inducing a high frequency of multi-functional effector T cells ([@B16]). Recent work has also suggested that either TLR4-based adjuvant (MPL and GLA) represent good candidates for CL immunotherapy when coupled with the TLR9 ligand, CpG ([@B158]). Together, these data indicate considerable promise for the development of a safe, effective, and inexpensive vaccine for both prophylactic and therapeutic application against leishmaniasis.

TLR7/8 AGONISTS -- RESIQUIMOD AND IMIQUIMOD
===========================================

Initial characterization studies had demonstrated that imiquimod could induce production of antiviral cytokines, including IFN-α, TNF, and IL-1β, from monocytes ([@B191]). Imiquimod could also augment the Th1 immune response by mediating the release of IL-12 and IFN-γ from macrophages ([@B204]). It was revealed, that treatment of *L. donovani*-infected macrophages with imiquimod resulted in killing of intracellular amastigotes and that this was dependent on the production of NO by the treated macrophages ([@B21]). Through a gene array approach it was further demonstrated that, consistent with the ability of imiquimod to activate killing of intracellular *Leishmania* amastigotes, imiquimod's related compound S-28463 induced gene expression associated with macrophage activation and an inflammatory response including NF-κB, IL-1, iNOS, and MIP-1 ([@B22]). Only later was it discovered that imiquimod structurally resembled single stranded RNA that was capable of activating macrophages through stimulating the TLR7 pathway ([@B68]).

Based on these experimental observations and because topical treatment with imiquimod had obtained FDA approval in 1997 (for the treatment of cutaneous cervical warts caused by human papilloma viruses infections), a small human trial was conducted to treat CL patients ([@B6]). This study, supported by WHO-TDR was conducted in Peru on 12 CL patients infected with *L. V. braziliensis* that had failed an initial treatment with pentavalent antimony. Study subjects were given a second course of pentavalent antimony plus topical imiquimod every 2 days for 20 days. The topical application of imiquimod on the lesions was well tolerated and 11 out of 12 patients were cured at the 3-month follow-up period ([@B6]). Subsequently a placebo controlled study was conducted on 40 CL patients who had failed treatment with pentavalent antimony and were given a second treatment with the combination of pentavalent antimony plus topical imiquimod or a placebo cream. The outcome was a 72% cure rate for the group receiving imiquimod versus 35% cure for the group receiving placebo at the 3-month follow-up ([@B130]). Overall these observations indicated that combination therapy with topical imiquimod plus pentavalent antimony was well tolerated and this represented a good option for treating patients who had failed the first line treatment with pentavalent antimony alone.

A subsequent study was undertaken to determine whether topical imiquimod combined with pentavalent antimony could be considered as a first line therapy for CL in Peru ([@B131]). This randomized placebo control study showed that the combination treatment of imiquimod plus pentavalent antimony performed better (75% cure) than placebo plus pentavalent antimony (58% cure) at the 3-month follow-up period, but that the difference was not statistically significant. A study conducted in Iran involving *L. tropica* infections reported that there was no beneficial effect of combining topical imiquimod with pentavalent antimony ([@B51]). It is possible that the topical imiquimod was unable to penetrate to the infected cells because, in comparison to the ulcer lesions typical of New World CL, *L. tropica* infections are typically nodular.

An interesting recent report describes the treatment of a 7-year-old boy with a lesion on the left cheek caused by a *L. infantum* infection ([@B71]). For more than a year this patient had failed various treatments, including topical paromomycin, intralesion injection of pentavalent antimony, photodynamic therapy, and two courses of intravenous liposomal amphotericin B. The patient was finally treated with topical imiquimod and cured within a month ([@B71]). Treatment with topical imiquimod alone was attempted on *L. V. braziliensis* infections in Peru and although this provided initial lesion regression, complete cure was not obtained (unpublished observation). For this reason, imiquimod has typically been used in combination therapy in the New World. Based on the available published evidence, a World Health Organization appointed expert committee on control of leishmaniasis recently updated it treatment guidelines to now include the use of imiquimod in combination with pentavalent antimony as a second-line therapy for CL in the New World ([@B212]).

Given the adjuvant properties of topical imiquimod in treatment of infectious diseases, topical imiquimod has also been tested as a vaccine adjuvant in an experimental model of CL in BALB/c mice. It was found that application of topical imiquimod on the skin prior to subcutaneous immunization with crude *Leishmania* antigen provided increased protection against challenge infection compared to immunization of crude antigen alone and this was associated with an enhanced Th1 response against the vaccine antigen ([@B219]). Subsequently, it was likewise shown that topical application of imiquimod at the site of subcutaneous injected *Plasmodium falciparum* circumsporozoite (CS) peptide elicited a strong Th1 response and high antibody titers that provided protection against a challenge infection ([@B145]). These studies show that further consideration should be given to using topical imiquimod as a vaccine adjuvant for any pathogen antigen delivered subcutaneously, particularly where a Th1 response is required for protective immunity.

TLR9 AGONISTS -- CpG AND IMMUNOMODULATORY OLIGOS
================================================

The concept of immunostimulatory DNA was first identified in the early 1980s during studies on BCG-mediated tumor resistance ([@B196]). The identification of CpG dinucleotide motifs within prokaryotic DNA that could activate B cells galvanized research efforts ([@B96]). The adjuvant properties of CpG were exploited within experimental vaccines for a number of diseases including lymphoma, hepatitis, malaria, influenza, and leishmania well before the discovery of its innate receptor, TLR9, in 2000 ([@B109]; [@B214]; [@B19]; [@B42]; [@B133]; [@B220]; [@B82]; [@B69]). These findings also provided an additional dimension to be explored, i.e., the possibility of intentionally incorporating these motifs within DNA vaccines ([@B91]; [@B104]). While it was first believed that a single type of optimal CpG motif would work in all applications, later reports showed that specific motifs of CpG-containing immunostimulatory oligodeoxynucleotides (CpG ODNs) could vary dramatically in their ability to induce individual immune effects ([@B11]; [@B97]). Three classes of CPG ODN are now recognized -- A-class ODN promote the highest degree of NK cell stimulation and also IFN-α secretion by plasmacytoid DCs; B-class ODN stimulate strong B cell and NK cell activation, as well as cytokine production; C-class ODN combine the effects of A- and B-class CpG ODN. The ability of CpG ODN to stimulate macrophages and dendritic cells to synthesize several cytokines, including IL-12, IL-18, TNF-α, and IFNs (IFN-α, IFN-β, and IFN-γ), to upregulate costimulatory molecules such as CD40 and MHC class II, and to enhance the ability of dendritic cells to present soluble protein to class I-restricted T cells, make CpG ODN a good option as an adjuvant ([@B92], [@B90]).

Initially, the CL mouse model was used to showcase the ability of CpG ODNs to switch the Th2 response associated with the disease to a strong Th1 response. This switch has now been associated with IL-12-dependent production of IFN-γ, an attractive quality for a CL vaccine ([@B109]; [@B220]; [@B205]; [@B56]; [@B52]; [@B78]; [@B218]). The first studies using CpG ODNs as an adjuvant within prophylactic vaccines for CL demonstrated that inclusion of CpG helped to induce long-term immunity that protected against the parasite ([@B184]; [@B205]). Further studies demonstrated that this protection is reliant on CD4 and CD8 T cell help, both of which had been shown to be important in *L. major* infection and induced when CpG was used as an adjuvant ([@B108]; [@B15]; [@B161]).

Later studies by [@B126], showed that mice vaccinated with live parasites plus CpG ODNs displayed a transient inflammation at 3--5 weeks, after which time little or no dermal pathology was observed. The resolution of the transient inflammation and parasite-burden in the ears of CpG ODN-treated mice coincided with the decrease of CD4 T cells in the site, whereas these cells began to accumulate in the ears of unvaccinated mice by 6 weeks after *L. major* infection. These responses are induced via activation of dermal DCs acting in an IL-6 dependent manner ([@B202]; [@B217]). Activation of these dermal DCs eliminates the silent phase of the infection by altering the natural kinetics of Treg cell accumulation that usually occurs in the skin after *L. major* challenge ([@B13], [@B14]; [@B217]). Recently, the same group reported the unusual IL-2 production by CD11c^+^ DCs in the skin of mice vaccinated with Lm/CpG. This unusual secretion was concomitant with a peak in IFN-γ-producing NK cells and CD4^+^ T cells and the control of parasite growth ([@B100]). It has now been shown that inclusion of CpG ODN in the vaccine also enhances the proliferation of Th17 cells, which in turn aids the development of a protective cell-mediated immunity against the parasite ([@B216]). The Th17 response was shown to be dependent upon release of vaccine-induced IL-6 identified in earlier studies ([@B217]). Neutralization of IFN-γ and, in particular, IL-17, caused increased parasite burdens in Lm/CpG-vaccinated mice. IL-17R-deficient Lm/CpG-vaccinated mice developed lesions, and despite displaying normal IL-12 levels, showed a decrease in IFN-γ production. Neutrophil accumulation was also decreased in the IL-17R-deficient Lm/CpG-vaccinated mice but the number of Treg increased. The most striking observation in all these studies was that mice treated with CpG ODNs had increased levels of IL-10 in their draining lymph nodes, and only a transient increase in the number of Tregs at the site of infection, compared to control animals ([@B126]; [@B217]). Thus, vaccination with live parasites and CpG ODNs appears to not only enhance adaptive immunity but also to modulate the response of innate immune cells, thereby inhibiting parasite growth and the development of vaccine-induced pathology.

Interestingly, CpG ODNs induce similar responses even when mixed with recombinant antigens ([@B161]; [@B34]; [@B41]). Vaccination with CpG ODN induced a high frequency of multi-functional T cells, a positive correlate of protection, especially in the CL model. Responses generated with these defined vaccines were established as early as 10 days after immunization, suggesting CpG ODN could be good adjuvants for both prophylaxis and therapy ([@B41]; [@B158]). These responses were shown to remain consistent over prolonged periods of time, although they did wane after 6 months ([@B161]; [@B41]). Further investigations showed an increase in IL-10 levels in sera after immunization with vaccines containing CpG ODNs ([@B40]). Inhibition of innate IL-10 produced by antigen presenting cells (APCs) at the time of immunization significantly enhanced the magnitude of the response and the extent of Th1 differentiation and, importantly, increased protection. This particular aspect of the adjuvant makes it much more attractive option for immunotherapy, with the possibility of preventing pathology. Studies performed by IDRI demonstrate that treatment of *L. major*-infected mice with CpG in conjunction with L110f and MPL-SE, decreases both parasite burden and infection-induced pathology ([@B158]).

CpG ODN have not yet been used as a vaccine adjuvant against leishmaniasis in human subjects. Preliminary studies involving vaccination of non-human primates with vaccine formulations containing CpG ODN have yielded positive results, inducing strong Th1 responses in both prophylactic and therapeutic settings ([@B205]; [@B52]).

Several synthetic ODN are currently in development for the treatment of various cancers ([@B95]). These ODNs use a nuclease-resistant phosphorothioate backbone that improves the half-life in the body from just a few minutes (for unmodified native DNA) to approximately 48 h. Immune modulatory oligonucleotides (IMOs) that stimulate TLR9 signaling have been developed and tested, for anti-tumor activity in mouse models, both as a monotherapy and in combination with chemotherapeutic agents. A number of these IMOs have also entered Phase I trials ([@B5]; [@B48]; [@B70]). Similar Immunostimulatory sequences (ISS), comprised of short DNA sequences that have been shown to induce production of memory T cells and a Th1 response, and are also under investigation ([@B5]). A potential advantage of ISS is that they can be used alone or linked to antigens to suppress Th2 response ([@B12]).

Coley Pharmaceutical Group (Wellesley, MA, USA; currently Pfizer) developed CPG7909, which has been tested as a vaccine adjuvant in human clinical trials in the context of several vaccines (including flu, hepatitis, and malaria) with promising results ([@B36],[@B37]; [@B139]). The immunostimulatory effect of CpG7909 in these vaccines was shown to depend on the association of the CpG and antigen to alum ([@B2]; [@B138]). Addition of CpG 7909 to the malaria vaccine, AMA1-C1/alum vaccine in naïve (not exposed to malaria) individuals was shown to elicit significantly higher AMA1 specific immune IgG compared to individuals who only received AMA1-C1/alum ([@B139]). Later studies on these samples showed that addition of CpG 7909 enhanced the kinetics, magnitude, and longevity of responses ([@B38]). In contrast the same CpG-containing malaria vaccine did not enhance the acquisition of memory in semi-immune adults living in Mali ([@B198]). Understanding the molecular basis of this apparent refractoriness to TLR9 agonist in the endemic population is pertinent and of significant interest to vaccinology.

IMPORTANCE OF FORMULATION
=========================

Modifications to enhance vaccine potency were made early on in vaccine development history. For instance, "lipovaccines," or homogenized dried bacterial cells mixed with oil, were first reported in 1916 ([@B1]; [@B153],[@B154]). This vaccine formulation increased the potency of killed bacterial vaccines in human subjects, reducing the high doses of bacterial cells and number of immunizations required, making them more comparable in efficacy to vaccines based on live-attenuated organisms such as smallpox, which only required one dose ([@B210]; [@B101]).

Formulation effects on vaccine antigen and adjuvant efficacy continue to remain critical. For example, CpGs formulated with particle-based platforms (i.e., alum, oil-in-water emulsion, or polymeric particles) induces increased total antibodies and Th1 responses in a variety of disease and animal models compared to either formulation component alone ([@B19]; [@B146]; [@B79]; [@B107]; [@B175]; [@B203]; [@B165]; [@B53],[@B54]). The most abundant data regarding the importance of seemingly subtle formulation variations involve TLR4 agonists. For instance, AS01 (a liposomal formulation containing MPL and the saponin adjuvant QS21) induced higher anti-parasite antibodies (with less reactogenicity) compared to an emulsion formulation of the same molecules in a malaria vaccine clinical trial ([@B147]). Other TLR4 agonist formulation comparisons include oil-in-water emulsion vs. aqueous suspension or alum-adsorbed; the emulsion formulation was generally superior, inducing qualitative and quantitative differences in immune responses ([@B77]; [@B112]).

Several leishmaniasis vaccine studies employed formulation technologies to improve immune responses, especially liposomes. Lipid composition clearly influences immune responses, with synthetic saturated long-chain phosphatidylcholines inducing more protective responses and greater Th1-bias than unsaturated egg phosphatidylcholine in BALB/c mice or hamsters immunized with liposomal leishmania antigens ([@B83]; [@B118]; [@B9]). Liposome size, charge, and stability can be modified by different manufacturing conditions and additional components such as charged or PEGylated headgroups and cholesterol. Interestingly, liposomes were shown to reduce the toxicity of incorporated Lipid A structures ([@B163]). Another study showed that co-encapsulation of leishmania antigens and adjuvant (pDNA) in liposomes increased protective efficacy by twofold compared to encapsulation of only the antigen ([@B119]). Likewise, coencapsulation of leishmania antigen and CpG in polymeric nanospheres showed the strongest protective responses in BALB/c mice compared to other formulation variations ([@B189]). [@B174] confirmed the importance of leishmania antigen encapsulation in liposomes and augmented protective immune responses further by targeting the liposome to mannose receptors on macrophages. Liposome surface charge was also found to affect immune responses to leishmania antigen, with neutral surface charge resulting in smallest footpad swelling, lowest splenic parasite burden, highest IgG2a/IgG1 ratio, highest IFN-γ production, and lowest IL-4 production compared to cationic or anionic liposomes ([@B10]). The above studies indicate that particulate formulations such as liposomes can serve as adjuvants simply through improved antigen delivery mechanisms, although co-formulation with additional immunostimulatory molecules may further improve immune responses ([@B86]).

Other important vaccine adjuvant formulations include ISCOMs, ISCOmatrix, and virosomes. ISCOMs, or immune-stimulating complexes, are particulate antigen delivery system that consists of antigen, phospholipid, cholesterol, and saponin structures ([@B135]). ISCOMs have shown promising adjuvant activity, and induced protective immunity in a number of disease models, including murine CL although reactogenicity and inefficacy was reported in some studies ([@B149]; [@B176],[@B177]; [@B135]; [@B129]; [@B30]). ISCOMATRIX, is a particulate adjuvant that has essentially the same structure of ISCOMs but without antigen. Antigens can be formulated with the ISCOMATRIX to produce ISCOMATRIX vaccines that can provide the similar antigen presentation and immunomodulatory properties as the ISCOMs but with much broader application as they are not limited to hydrophobic membrane proteins ([@B187]). ISCOMATRIX, is a more well-defined platform that under controlled conditions, form cage-like structures typically 40 nm in diameter. The ISCOMATRIX^™^ adjuvant has been formulated with a wide range of antigens to produce ISCOMATRIX^™^ vaccines with great success but has not been tested in CL yet ([@B121]). Virosomes, like liposomes, consist of phospholipid vesicles. However, virosomes also include fusogenic proteins (hemagglutinin and neuraminidase) for enhanced antigen processing ([@B127]). Inflexal^®^ V (influenza) and Epaxal^®^ (hepatitis A) are virosome-based vaccines manufactured by Crucell and approved for use in many countries.

In order to optimize vaccine formulations, an array of parameters must be investigated. Formulation manufacturability and cost are often taken for granted or not considered in early development stages. However, these factors can play a critical role in ultimate product success ([@B72], [@B73]). Other important factors include particle size, degradability, shape, stability, and release kinetics ([@B137]; [@B57]; [@B132]). Numerous challenges remain related to adjuvant development, especially in the context of neglected tropical diseases such as leishmaniasis, but these can be overcome by using a systematic approach.

SUMMARY
=======

Experimental CL has become a standard for investigating the development of T helper cell response and is now well established as the classic textbook example of the Th1/Th2 paradigm. Alongside the rapid advances in PRR discovery, this model has served to significantly advance our understanding of vaccine adjuvants. In the current era of translational biology, it is therefore ironic that few agonists (only those engaging TLR4 and TLR 7/8) have advanced into clinical trials against leishmania infection of humans (Table [1](#T1){ref-type="table"}). Regardless, it is our hope that the advancement of vaccine adjuvants and improved understanding of the clinical situation will ultimately combine to develop effective tools to control leishmaniases.
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